In spite of the increasing sophistication and power of commercial spreadsheet packages, we still lack a formal theory or a methodology to support the construction and maintenance of spreadsheet models. Using a dual logical/physical perspective, we identify four principal components that characterize any spreadsheet model: schema, data, editorial, and binding. We present a factoring algorithm for identifying and extracting these components from conventional spreadsheets with minimal user intervention, and a synthesis algorithm that assists users in the construction of executable spreadsheets from reusable model components. This approach opens new possibilities for applying object-oriented and model management techniques to support the construction, sharing, and reuse of spreadsheet models in organizations. Importantly, our approach to model management and the Windows-based prototype that we have developed are designed to coexist with, rather than replace, traditional spreadsheet programs. In other words, the users are not required to learn a new modeling language; instead, their logical models and data sets are extracted from their spreadsheets transparently, as a side-effect of using standard spreadsheet programs.
INTRODUCTION
. This formalism is used in our research only as 1Throughout the article, the term spreadsheet programs refers to spreadsheet modeling environments like Lotus 1-2-3, QuattroPro. and Excel. The term spreadsheet models, or simply spreadsheets, refers to speczfzcspreadsheets, e.g., P & L spreadsheets and inventory control spreadsheets. Rl%Wj# ' i rr-'--mrl------r Flg 1. The P & L spreadsheet, in Excell.
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-that are interrelated through a set of formulae.z Although the cell formulae are not presented here, one can consult the appearance of the spreadsheet and common sense to guess the following relationships: sales are expected to grow 1070 annually; cost of goods sold is assumed to be 6070 of sales; overhead is assumed to be fixed at $2,500,000; lease is fixed at $100,000 in the first two years and $500,000 thereafter; and tax is assumed to be 4870 of gross income.
As it turns out, however, the P & L spreadsheet has more to it than appears on the surface. It is true that sales grow 1070 annually, but only in the first four years. In 1996 and 1997, sales are 2070 greater than the average sales in the previous two years-a fact which is not at all evident from the spread- Because of space limitations, the map is split into two columns and covers only years 1992, 1993, and 1994, of the spreadsheet. To avoid clutter, the formatting specifications of the cells are not d~picted here.
The interplay of a spreadsheet's physical and logical views is illustrated in 
Extracting the Model Schema
The remainder of the factoring process is a series of steps that may be described symbolically as mapi = step, (mapl. 1), i = 1,...,7. Figure 6 and illustrated in Figure  7 , which shows how they transform the p,sales cluster of the P & L spreadsheet map into an F R L attribute definition.5 As Figure 7 ; P P ! P P P P P P P P P P P P P P P P P P Step (3) follows. First, the schema is converted into a logical map like the one depicted in Figure  5 . At this point, the user has two options. If he or she wishes to "instantiate" the schema with a stored data set, the logical map is merged with a given D component.
If, alternatively, the user wishes to create a spreadsheet template, the logical map is merged with a generic data set that is consistent with the schema's structure. Next, the logical map is transformed into a physical spreadsheet by synthesizing it with binding and editorial components. These properties can be drawn from a documentation library, or added interactively by the user. The remainder of this section describes the process in more detail.
From a Model Schema to a Logical Map
The synthesis algorithm (illustrated in Figure  8 ) begins with a preprocessing stage ( Figure  9 ) that fuses a model schema and a data component into a logical map. Since the algorithm processes the schema one relation definition at a time, it is sufficient to describe it for one relation only. whereas n is a textual tag, i.e., the fixed character "n". Tom&i Isakowltz et al.
The data structure that emerges from the synthesis process is a physical spreadsheet map that can be loaded into a host spreadsheet program.
In the P & L example, steps S 1-S7 produce the map depicted in Figure  3 .
DISCUSSION
The article is based on four premises: , 1993,1994,1995,1996, 1997} , then keyual(3) = 1994.
Tuple Addressing. Since a functional relation r always has a totally ordered key, the relation's tuples can be indexed uniquely, either relatively or absolutely.
In absolute indexing, the term r[ i ] for some i > 0 refers to the tuple whose key value is keyucd(i).
In relative indexing, the special term r[ n] is used to refer to r's current tuple, and the term r[n + i ] for some i (which may be either negative or positive) is used to refer to the tuple whose key value is i positions away from the key value of r's current tuple. It is instructive to compare the Excel-based P & L spreadsheet model at the top of Figure  2 with its respective schema at the figure's bottom left. In the former representation, the spreadsheet's data, physical layout, and logical structure are intermingled in one format. In the latter representation, the model is expressed in a platform-independent language-FRL-yielding a clear and succinct description of the model's underlying structure. The description of FRL is given here because the language proper plays a secondary role in the article. The article's main focus is the duality between the physical and logical views of spreadsheets, and the fact that they can be generated from each other using factoring and synthesis.
To that end, any formal language that supports factoring and synthesis will do, and FRL is simply one that we found quite useful for our purposes. As it stands now, FRL is a "version-O" language that could benefit from many additional features, e.g., the capability to represent nested reference patterns naturally (as exhibited in the "quarterly sales" model described in the "Implementation" section of Section 3. 
